We report a low voltage and highly transparent polymer network liquid crystal (PNLC) with submillisecond response time. By employing a large dielectric anisotropy LC host JC-BP07N, we have lowered the V 2p voltage to 23 V at k ¼ 514 nm. This will enable PNLC to be integrated with a high resolution liquid-crystal-on-silicon spatial light modulator, in which the maximum voltage is 24 V. A simple model correlating PNLC performance with its host LC is proposed and validated experimentally. By optimizing the domain size, we can achieve V 2p < 15 V with some compromises in scattering and response time. Each approach has its own pros and cons. Ferroelectric LC shows microsecond response time, but it is a bistable device and is difficult to obtain continuous phase-only modulation. DFLC offers fast rise time and decay time, but its crossover frequency is quite sensitive to the temperature. Stressed LC does not require an alignment layer, but it needs a delicate mechanical shearing process. Scattering-free PNLCs have been developed for k ¼ 1.55 lm and 1.06 lm; 14,16 however, these PNLCs scatter light strongly in the visible region because of voltage-induced micron-sized multi-domain structures. 14, [16] [17] [18] [19] To suppress scattering in the visible region, the domain size should be reduced to $100 nm. 15, 20 The major challenge is that the operation voltage increases dramatically due to strong anchoring from these fine polymer network structures. Such a PNLC requires V 2p $ 50V rms to obtain 2p phase change in reflective mode at k ¼ 514 nm, 15 while the commonly used high resolution liquid-crystal-onsilicon (LCoS) has a maximum voltage of 24 V. 21 To integrate the submillisecond-response PNLC with LCoS for widespread applications, we need to reduce V 2p to below 24 V while keeping scattering loss negligible.
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We report a low voltage and highly transparent polymer network liquid crystal (PNLC) with submillisecond response time. By employing a large dielectric anisotropy LC host JC-BP07N, we have lowered the V 2p voltage to 23 V at k ¼ 514 nm. This will enable PNLC to be integrated with a high resolution liquid-crystal-on-silicon spatial light modulator, in which the maximum voltage is 24 V. A simple model correlating PNLC performance with its host LC is proposed and validated experimentally. By optimizing the domain size, we can achieve V 2p < 15 V with some compromises in scattering and response time. 1 have been widely used in digital hologram generation, 2,3 adaptive optics, 4, 5 adaptive lens, 6 and laser beam steering. [7] [8] [9] For these applications, fast response time, 2p phase change, and low operation voltage are some basic requirements. Various LC technologies have been explored, such as ferroelectric LC, 10 dual frequency liquid crystal (DFLC), 11 stressed LC, 12, 13 and polymer network liquid crystal (PNLC). 14, 15 Each approach has its own pros and cons. Ferroelectric LC shows microsecond response time, but it is a bistable device and is difficult to obtain continuous phase-only modulation. DFLC offers fast rise time and decay time, but its crossover frequency is quite sensitive to the temperature. Stressed LC does not require an alignment layer, but it needs a delicate mechanical shearing process. Scattering-free PNLCs have been developed for k ¼ 1.55 lm and 1.06 lm; 14, 16 however, these PNLCs scatter light strongly in the visible region because of voltage-induced micron-sized multi-domain structures. 14, [16] [17] [18] [19] To suppress scattering in the visible region, the domain size should be reduced to $100 nm. 15, 20 The major challenge is that the operation voltage increases dramatically due to strong anchoring from these fine polymer network structures. Such a PNLC requires V 2p $ 50V rms to obtain 2p phase change in reflective mode at k ¼ 514 nm, 15 while the commonly used high resolution liquid-crystal-onsilicon (LCoS) has a maximum voltage of 24 V. 21 To integrate the submillisecond-response PNLC with LCoS for widespread applications, we need to reduce V 2p to below 24 V while keeping scattering loss negligible.
In this paper, we demonstrate a reflective mode PNLC phase modulator with V 2p % 23 V at k ¼ 514 nm. To achieve such a low operation voltage, we developed and employed a high dielectric anisotropy (De % 302) nematic LC host, JC-BP07N (by JNC). The PNLC sample is highly transparent and its scattering loss is negligible in the k ! 500 nm range. The measured decay time is 250 ls and rise time is 680 ls at room temperature (%22 C), and hysteresis is about 1.7%. To understand the corresponding physical mechanisms and find the right direction for device optimization, we propose a semi-empirical model to correlate the electro-optical performance of PNLC with the host LC parameters. Based on this model, a reflective mode PNLC with V 2p 15 V can be achieved if we can tolerate a slightly higher scattering loss (%3%) and slower response time (%580 ls).
First, let us discuss our approach for reducing the operation voltage. For a homogeneous cell filled with a positive De nematic LC, the LC directors start to reorient when the applied voltage exceeds the Freedericksz threshold voltage 22 V th ¼ p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
where K 11 is the splay elastic constant. For phase modulation with a given LC birefringence and device configuration, V 2p is proportional to V th . 23 One straightforward way to reduce V 2p and V th is to employ a large De LC host. An inevitable tradeoff is the increased viscosity.
We developed a nematic LC mixture JC-BP07N with a very large De. The physical properties of JC-BP07N are listed as follows: clearing temperature T c ¼ 87 C, birefringence Dn ¼ 0.17 at k ¼ 514 nm, and visco-elastic coefficient c 1 /K 11 ¼ 224 ms/lm 2 (22 C). To characterize its dielectric constants, we filled JC-BP07N into two LC cells: one with homogeneous and another with homeotropic alignment. By comparing the capacitance before and after filling the cells, we obtained both parallel (e // ) and perpendicular (e ? ) dielectric constants of this LC. The probing voltage was 0.1V rms , which is below V th (0.2V rms ). Dielectric anisotropy is defined as De ¼ e // Àe ? .
Figure 1(a) shows the frequency dependent dielectric constant of JC-BP07N. Since e ? (%14) is almost independent of frequency, only e // results are shown in Fig. 1(a) . At f ¼ 100 Hz and 22 C, JC-BP07N has a huge parallel dielectric constant e // % 316. Thus, De % 302. According to Debye equation, the dielectric constant of a LC can be described as follows: where e // * ¼ e // 0 À i e // 00 is the complex dielectric constant; f is the driving frequency; e // (0) and e // (1) represent the real part of parallel dielectric constant at low and high frequency limits; and f r is the relaxation frequency. In Fig. 1(a) , dots represent the measured data and solid lines fitting curves. Good fitting is found for both real and imaginary parts. From the fittings, we find f r ¼ 1.9 kHz. This relatively low relaxation frequency originates from the high viscosity of JC-BP07N; high viscosity makes the LC molecules difficult to follow the electric field as frequency increases.
Figure 1(b) shows the wavelength dependent birefringence of JC-BP07N. Dots represent the measured data, while solid line is the fitting with the birefringence dispersion equation 25 Dn
where G is a proportionality constant and k * is the mean resonance wavelength.
To fabricate PNLCs, we prepared a precursor by mixing 92.3 wt. % LC host (JC-BP07N, JNC) with 7.2% monomer (Merck RM257) and 0.5% photo-initiator (Genocure BAPO). This recipe has been optimized to achieve scattering-free samples for visible wavelengths. The precursor was filled into a homogeneous LC cell (indium tin oxide glass substrates) with 5-lm cell gap and 3 pretilt angle. A UV light-emitting diode (LED) lamp (k ¼ 385 nm) was used for curing the precursor and the curing temperature was controlled at 10 C. We called this sample as PNLC-1. The reason we used low temperature curing is to decrease the polymer diffusion rate, which plays a crucial role to shrink the LC domain sizes. 19 After UV curing, PNLC-1 maintained a good homogeneous alignment following the substrate rubbing direction.
To prove this, we sandwiched the PNLC-1 cell between two crossed polarizers on a light table. When the alignment direction of PNLC-1 was oriented parallel to the optic axis of the polarizer, a very good dark state was observed.
We characterized the power-on scattering loss of PNLC-1 through transmission spectra measurement. A photodiode detector with an aperture of 0.9 cm was set at 20 cm behind the sample. Such a small collection angle ($2. 6 ) is to ensure that the light scattered off the LC domains is not collected by the detector. As shown in Fig. 2(a) , the transmission spectrum of PNLC-1 with a biased voltage leading to maximum scattering loss (V max.scatt. ) is comparable to that of the LC host cell, indicating the scattering-free feature of this PNLC. To more qualitatively analyze the scattering loss, we normalized the transmission spectrum of PNLC-1 at V max.scatt. with the LC host cell spectrum (Fig. 2(b) ). A polynomial fitting of the LC host spectrum (purple dashed lines in Fig. 2(a) ) was used in the normalization process in order to minimize the oscillation caused by Fabry-Perot effect. Results indicate that the scattering loss of PNLC-1 is below 1% when the wavelength is longer than 500 nm. Blue dotted lines represent the calculated results according to Rayleigh scattering model
where C e and C o represent the domain size parameters for the extraordinary ray (e-ray) and ordinary ray (o-ray), respectively, k 0 is the wavelength in vacuum, and d is the LC thickness. reflective mode operation, we placed a mirror behind the PNLC-1 cell to fold the optical path. The incident beam and reflected beam formed a very small angle ($4 ). The rubbing direction of the PNLC-1 cell was oriented at 45 with respect to the optical axis of the polarizer and the analyzer was crossed. For comparison purpose, the VR curve of a JC-BP07N host LC cell with the same configuration is also included. The peak reflectance of PNLC-1 cell is comparable to that of the LC host cell, indicating that the scattering of PNLC-1 is indeed negligible. From Fig. 3(a) , we obtain V 2p % 23V rms for PNLC-1 at k ¼ 514 nm. Figure 3(b) shows the voltage-dependent phase change (VP) curves for LC host (JC-BP07N) and PNLC-1. We will discuss these results in detail later. Note that these VP curves are for e-ray whose polarization is parallel to the LC cell rubbing direction.
Next, we measured the hysteresis and response time of PNLC-1. For a polymer-stabilized LC, hysteresis originates from electric field-induced network distortion. Details depend on the rigidity of polymer networks and peak electric field. In our PNLC-1, its V 2p % 23 V and cell gap is 5 lm, so the corresponding electric field is only 4.6 V/lm. As a result, the measured hysteresis is only 1.7%. The response time is defined as 100% to 10% phase change. We measured the 2p phase change of PNLC-1 and results are: rise time $680 ls and decay time $250 ls at room temperature. The relaxation time of PNLC can be approximated as
where d 1 is the average LC domain size, which is determined by the polymer concentration and UV curing conditions. From Eq. (5), we can estimate d 1 from the measured decay time.
Knowing that s % 250 ls and c 1 /K 11 ¼ 224 ms/lm 2 , we find d 1 % 105 nm. This result is in good agreement with another method described below. The c 1 /K 11 of JC-BP07N is about 10Â larger than that of E7 mixture (Merck). According to our previous study, a high viscosity LC host tends to slow down the polymer diffusion rate and forms finer polymer networks. 19 The small domain size outweighs the high viscosity. As a result, such a highly viscous LC host JC-BP07N can still lead to a submillisecond-response PNLC with only $7% polymer. The rise time is more complicated to model because it involves an additional parameter: the ratio of grayscale voltage over threshold voltage. 22 Therefore, we only used relaxation time to estimate the average domain size.
In order to optimize PNLC performance, here we propose a multi-layered model to correlate its electro-optical properties with the LC host. For a PNLC with average domain size d 1 , we can consider it as dividing a LC cell into N ¼ d/d 1 layers, where d is the cell gap. In so doing, the PNLC should have N times higher threshold voltage than its LC host. For a given LC precursor and cell parameter, we can write the operation voltage as
where V on,0 is the operation voltage of the LC host. Through the fitting of threshold voltage, we obtain d 1 $ 103 nm for PNLC-1. Note that this value is almost identical to the one ($105 nm) we estimated from the response time data, confirming the validity of this model. However, due to the strong anchoring effect of the 7% RM257 polymer and the greatly increased LC/polymer surface area, the electric field-induced refractive index change (dn 1 ) for PNLC should be much smaller than that of the LC host (dn 0 ). For simplicity, we assume dn 1 (V) is linearly proportional to dn 0 , i.e., dn 1 ¼ Adn 0 . Then, the voltage-dependent phase change of PNLC can be written as
Combining Eqs. (6) and (7), we can fit the VP curve of PNLC-1 well using the VP information of the LC host cell (shown in Fig. 3(b) ). The only fitting parameter A is extracted to be 0.51. To validate the effectiveness of this model, we measured the VP curves at three laser wavelengths (633 nm, 514 nm, and 488 nm) and compared the experimental data with simulation results (Fig. 4(a) ). The wavelength dependent Dn shown in Fig. 1(b) has been taken into consideration in the model. Good agreement is found between experiment and simulation within the voltage range we care about. As the wavelength increases, phase dynamic range decreases due to the smaller birefringence.
This simple model can also predict the frequency effect on VP curves as shown in Fig. 4(b) . When the driving frequency increases from 100 Hz to 1000 Hz, the dynamic range (at 24 V) gradually decreases because of the reduced De as Fig. 1(a) shows. and scattering loss/relaxation time at k ¼ 514 nm by changing the domain size. In reflective mode, the optical path is doubled so that the scattering loss is increased. This has been considered in our simulation. If we increase d 1 from 103 nm to 160 nm, V 2p can be reduced from 23 V to 15 V but the scattering loss is increased to 3% at k ¼ 514 nm and decay time to 580 ls. Further increasing domain size to 250 nm helps to reduce V 2p to 9.6 V, but the scattering loss increases to 5.3% and response time jumps to 1.4 ms.
To further increase the phase dynamic range of PNLC, a thicker cell gap can be considered. Unlike a nematic LC whose response time is strongly cell gap dependent, increasing the cell gap of a PNLC will not sacrifice its response time, which is mainly governed by the domain sizes. However, a tradeoff is the increased operation voltage, as Eq. (6) indicates.
In conclusion, we have demonstrated a low voltage and highly transparent PNLC with submillisecond response time and negligible hysteresis. By employing a large De LC host JC-BP07N, we have reduced the V 2p of PNLC-1 to 23 V in reflective mode operation at k ¼ 514 nm. Such a low voltage will allow PNLC-1 to be integrated in a high resolution LCoS for next-generation SLM applications. We have also proposed a semi-empirical multi-layered model to simulate the performances of PNLCs. Good agreement with experimental data is obtained. This model provides useful guidelines for optimizing the PNLC performance. 
